TiO 2 thin films were synthesized using Low Pressure Chemical Vapour Deposition (LPCVD) onto glass substrates. Titanium isopropoxide (TTIP) and N 2 gas were used as the precursor and carrier gas respectively. The effects of reaction temperature, carrier gas flow rate and deposited area were studied. SEM, TEM, powder XRD and UV-Vis and Raman spectroscopy were employed to characterize the phase and morphology of the synthesized materials. The results show that a dual phase (sodium-doped TiO 2 (B) and anatase) nanocrystalline thin film was successfully prepared by LPCVD with needle-and polygonal plate-shape crystallites respectively. At the interface with the substrate, the thin film deposit exhibited a preferr ed orientation of TiO 2 (B) needles in the [001] direction of average crystallite size 50-80 nm in length and 5-10 nm in width, whilst the crystallite size of anatase polygonal-plates was around 200 nm. The optimal LPCVD condition for preparing this mixed ph ase of TiO 2 was 550 o C (actual temperature) with a 1 mL/s N 2 flow rate. A possible mechanism for the mixed-phase formation by LPCVD on the glass substrates is described as well as the implications for the production of selfcleaning structures.
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Introduction
TiO 2 semiconductor polymorphs (and in some cases polymorph mixtures) are amongst the most widely used materials owing to their cost effective, highly stable and environmentally-friendly nature combined with their wellknown electronic and optical properties. 1 Titania is extensively used for optical applications: as a ubiquitous white pigment, as an opacifier and as an optically reflective coating; additionally it is increasingly used in sunscreens as an ultraviolet (uv) blocking agent. 2 Electronically, nanocrystalline and porous titania films are used in the anodes of dye-sensitised solar cells. 3 A further interesting property of titania is the ability to photocatalyse chemical reactions under uv irradiation. There are many physical forms of TiO 2 photocatalysts including powders, thin films and aqueous suspensions, which have been widely utilized in areas ranging from: treatment of both water and air pollution, 4 water splitting reactions, 5 antibacterial surfaces, through to anti-fogging materials and self-cleaning materials such as window glass. 6, 7 A major factor in the practical application of TiO 2 photocatalysts, is their ability to be reused whilst retaining high photocatalytic efficiency. In this respect immobilized TiO 2 thin films on rigid substrates are a key form if these photocatalysts are to be employed in the various chemical industries and in construction materials.
In the case of self-cleaning materials, TiO 2 thin films have been prepared by a wide range of deposition methods such as sol-gel, 8 sputtering, 9 pulsed laser deposition (PLD), 10 physical vapour deposition (PVD) 11 and chemical vapour deposition (CVD) 12 . CVD is a low-cost process, which is easy to set up and subsequently adjust; it permits a high degree of compatibility with a wide range of substrates and also has the potential for mass production. High quality self-cleaning thin films on glass require three major attributes: little or no scattering of visible light, the thin film to be of nanometre dimension in both thickness and crystallite/particle size; a high mechanical resistance to any external abrasion; and finally acceptable photo-catalytic properties such as catalyticrate and efficiency 6 Thin films based on the crystalline anatase phase of TiO 2 are used in self-cleaning glass/windows 6 as this polymorph possesses a higher photocatalytic activity than rutile. For industrial production, the thin films are exclusively the anatase phase, 50-500 nm thick and deposited using atmospheric pressure CVD from TiCl 4 and ethyl acetate precursors at temperatures between 400-660 o C. 13 Current improvement strategies focus on the use of ultrafine nanoparticles in the thin films, the modification of charge transfer processes to prevent the recombination reaction, and the controlled production of phase mixtures in the thin films which may provide higher photocatalytic activities. Mixing two different phases of TiO 2 (ref. 14 and 15) such as anatase/rutile or anatase/TiO 2 (B), directly affects the charge transfer process between the different phases possibly reducing recombination of photo-generated electrons and so enhancing the photocatalytic activity. 1619 This directly improves the efficiency of oxidative stripping of organic molecules from water or air. The TiO 2 (B) or bronze phase of titania has attracted significant interest over the last decade because of the distinctive monoclinic crystal structure which, because of its low-density crystal framework, exhibits larger channels and voids and also a higher specific storage capacity as compared to the tetragonal structures of anatase and rutile 2022 as shown in Fig 1. Commonly, alkali metal titanates have been used as precursors for TiO 2 (B) preparation in many synthetic methods such as sol-gel, 23 hydrothermal 24 and solid-state reaction. 21 In this paper, the LPCVD method was employed to synthesise (for the first time) dual phase anatase and sodium-doped TiO 2 (B) thin films on glass substrates. 
Experimental Procedure Thin Film Preparation
Low pressure chemical vapour deposition (i.e. thermal decomposition and oxidation of a precursor) at 25 mbar was used to synthesize TiO 2 thin films on substrates as shown schematically in Fig. 2 . Titanium tetra-isopropoxide (TTIP, 97%) was used as the titania precursor, 5-10 mL being placed in a bubbling chamber which was set in an oil bath at 90C. The reactor was a quartz cylinder tube placed in a tube furnace and was pre-heated from room temperature up to the desired reaction temperature. N 2 gas with a flow rate of 1 L/min was used to carry the TTIP vapour into the reactor. of dimensions 12 mm  152 mm  1 mm (width  length  thickness) and fused quartz (pure amorphous silica of the same dimensions). The reaction temperature in the tube furnace was varied between 450 and 600C with a reaction time of typically 15 min. However, we note that this is only a nominal temperature as there will exist a temperature gradient inside the reaction tube. This temperature gradient was measured in air as a function of position inside the reaction tube using a moveable thermocouple and the results for a nominal furnace temperature of 600 C are shown in Fig. 2b .
Materials Characterization
Before being characterized, the TiO 2 film deposited onto the substrate (e.g. a soda-lime glass slide) was divided into 12 plates each of dimensions 12 mm  12.6 mm  1 mm. These samples represented different reactor positions relative to the gas entry point at plate1. In-plane and out of plane X-ray diffraction (XRD) with a Philips X'Pert MPD diffractometer using Cu K α X-ray radiation, were employed to characterise the crystalline phases in the samples. The surface morphology and thickness of TiO 2 thin films were investigated by scanning electron microscopy (SEM, Carl Zeiss LEO 1530 Gemini FEGSEM) and energy dispersive X-ray (EDX) spectroscopy (Oxford Instruments) both in plan-view and in cross-section. Raman spectroscopy (Renishaw's inVia Raman microscope with green laser of wavelength 514.5 nm
) and UV-Vis diffuse reflectance spectroscopy (Perkin Elmer UV-vis Lambda 900) were also used to characterise these materials. Initial sample preparation for transmission electron microscopy (TEM) was achieved by using a scalpel to scrape off the deposited materials from the substrates onto a holey carbon film supported on a Cu TEM grid. In addition a Focused Ion Beam (FIB -FEI Nova 200) was used to prepare thin cross-sections of these materials on the substrates for TEM analysis using imaging, selected area electron diffraction (SAED) and EDX spectroscopy, mapping and quantification (Oxford Instruments AZTEC) on a FEI Tecnai G2 TEM/STEM operated at 200 kV. 
Results
The optimum synthesis condition to achieve thin films composed of mixed phase TiO 2 (B) and anatase was found to be a nominal reaction temperature of 600C for 15 min reaction time with 5 mL of TTIP. The mixed phase of TiO 2 only occurred when the nominal reaction temperature reached 600 o C. At lower nominal temperatures such as 400C and 500  C, thin films tended to be composed of pure anatase with an equiaxed particle morphology exhibiting extensive particle aggregation, whilst at high temperatures (700C) it was observed that the substrate began to deform and the deposit consisted of pure anatase with a non-aggregated spherical particle morphology. In this report we focus solely on the results obtained at a nominal temperature of 600C as these conditions appear to promote the formation of the TiO 2 (B) phase. As shown in Fig. 2b the actual temperature in the reaction tube had a maximum of ca. 550C at the position of plates 2-5 and decreased towards each end of the tube. For these conditions, the out of plane XRD patterns of a selection of 12 plates on a soda-lime glass substrate are shown in Fig. 3 , and are compared to the corresponding thin film on a fused quartz substrate (referred to as TiO 2 -Quartz) prepared under identical conditions and reactor position as Plate 4. The XRD patterns show that almost all of 600C synthesized thin films on soda lime glass substrate consist of a combination of both TiO 2 (B) (JCPDS 04-007-6246) and anatase phases (JCPDS 00-021-1272) in different relative proportions depending on the distance from the gas entry point. As will become clear later, it is important to note that the XRD peaks assigned to the TiO 2 (B) phase do not match with any sodium titanate Na x TiO 2+0.5X phase or any other related sodium-containing phase in the JCPDS database. In Plate 1 anatase is the majority component, nevertheless in other reactor positions (as shown in Plates 2, 4, 5 and 8) XRD indicates the main component is the TiO 2 (B) phase. In the case of Plate 10, the patterns show only one peak at 2 = 25.30 indicating the anatase phase and two very broad features lying between 15-35 and 60-70 characteristic of amorphous SiO 2 from the glass substrates. The influence of the substrate was more evident at larger distances from the gas entry point possibly indicating the presence of a thinner crystalline deposit.
The influence of the substrate on the film was studied using a fused-quartz plate (at the same position as Plate 4) instead of the normal soda-lime glass substrate under the same synthesis conditions. The differences can be seen in Fig. 3 by comparing the XRD patterns labeled Plate 4 and Quartz-plate 4 respectively. These results indicate that a mixed phase of anatase and TiO 2 (B) can be indexed on Plate 4, whilst only the anatase phase is evident on a fused quartz substrate indicating that the soda-lime glass substrate promotes the formation of TiO 2 (B) by LPCVD.
The (101) and (200) peaks of the anatase phase (at 2 = 25.28 and 48.05 respectively) are very close to the (110) and (020) peaks of the TiO 2 (B) phase at 2=24.98 and 48.63. The crystallite size derived from XRD line broadening in Fig. 3 was estimated to be in the range 40-60 nm for both phases. In order to clarify the results, both in-plane and out-of-plane XRD were recorded for Plate 4 to confirm the existence of both phases, as illustrated in UV-Vis diffuse reflectance spectroscopy was used to study optical properties of the thin films and raw spectra are shown in Fig. 6(a) 16 and the same data after a transformation to absorption in Fig. 6(b) . The band gaps of these materials were calculated by extrapolating the linear portion of the slopes in Fig. 6(b) and determining the intercept with the background. The band gap energies of anatase and TiO 2 (B) are experimentally reported as being 3.2 eV and 3.0-3.2 eV respectively
2630
. The present results curiously show a energy band gap of between 3.25 and 3.31 eV which increased with an increasing proportion of the TiO 2 (B) phase. It might be expected that the presence of any dopants in the thin film may cause changes including possible increases in the band gap energy. In contrast, the anatase thin film on Quartz-plate 4 showed a band gap of 3.275 eV. A SEM plan-view image of Plate 4 is shown in Fig. 7a and illustrates the presence of two types of particle morphology: large polygonal plates 100-200 nm in diameter and smaller, more spherical particles with a diameter of around 20 nm. The average primary particle size of this bimodal distribution at the film surface is 7342 nm. A composition derived from SEM/EDX, shown inset in Fig. 7a , confirms the existence of titanium and oxygen in the thin film. As the TiO 2 film thickness is only around 200 nm, as shown in the SEM cross-section in Fig. 8a , the electron beam interaction volume also samples the glass substrate and hence the Ti:O ratio is less than 1:2 and this is also presumably why Na, Si, Ca and Mg are detected. Inspection of Fig. 8a , reveals that the film cross-section also contains two kinds of particles: smaller columnar or needleshaped particles present predominantly at the glass substrate/film boundary and the larger plate-like particles predominantly deposited on the film surface. This may suggest that the small needle-shaped particles are acting as a seeding layer on the substrate or arise from some sort of interfacial reaction with the substrate. As shown in the graph in Fig. 8c and in the images in Fig. 8d , the film thickness decreases from 400 to 50 nm dependent on the distance from the carrier gas entry point, most likely due to precursor depletion. Thus both the thickness and the relative proportion of the different crystalline phases are directly dependent on the position of the substrate in the reactor. Interestingly from the plan-view image of the Quartz-plate 4 sample shown in Fig. 7b , the pure anatase particles so produced exhibit a size of 30 nm and a different spherical morphology, similar to anatase samples synthesized at reaction temperatures below 500C and above 700C on soda-lime glass substrates. A SEM cross section image of Quartz-plate 4 (Fig. 8b) shows a unique columnar morphology across the thin film with no apparent phase at the film-substrate interface. The coexistence of TiO 2 (B) and anatase phases in the thin films confirmed by XRD and Raman results may explain the two types of particle morphology observed in SEM images. These two distinct types of particle morphology (small needle-shaped and larger polygonal plate-like) are also evident in TEM of thin film material scraped from the surface of Plate 4, a typical TEM image being shown in Fig. 9a . The particle size of the polygonal plates are in the range 40-220 nm with an average of around 150 nm, significantly bigger than the needles which are in the range 5-10 nm in width and 50-80 nm in length. These values are consistent with the XRD results on the assumption that the short axis of the polygonal plates lies parallel to the substrate. HRTEM and SAED were employed to investigate the relationship between physical appearance and the nanostructure of these morphologies as illustrated in Fig. 9b and 9c. In Fig. 9b , the needle-like crystals clearly show a lattice spacing of 3.55Å which can be tentatively assigned to the (110) lattice spacing of TiO 2 (B). Moreover, a TEM selected area diffraction pattern of a group of needles, shown inset in Fig. 9b , shows rings corresponding to the (110), (400), (4 ̅ 02), (112), (113) and (3 ̅ 14) spacings of TiO 2 (B). TEM/EDX spectra (Fig. 10a) of the same area reveals the presence of Ti, O and also a very small amount of Na typically less than 1% atomic, however interference between the Cu L-(from the TEM support grid) and Na K-X-ray emission peaks makes this quantification unreliable. Fig. 9c demonstrates that the polygonal plate is anatase as it reveals lattice spacings of 3.47Å, 2.38Å and 2.28Å which correspond to the (101), (103) and (112) interplanar spacings respectively. TEM/EDX on the anatase plates reveals the presence of solely Ti and O (Na, if present, is below the level of detectability following quantification), as shown in Fig. 10b.   Fig. 10 . TEM-EDS spectrum of: (a) a group of needles particles investigated in the same area of fig.9b ;(b) a polygonal plate particle correlated with fig.9C The FIB lift out method was used to prepare a thin cross-sectional TEM sample of Plate 4 as shown in Fig. 11a . HRTEM images are presented from two different areas on this cross section: one in a region near the top surface of thin film (Fig. 11b) showing the lattice spacings of anatase TiO 2 ; whilst the other is from an area close to the interface between the TiO 2 film and the substrate shown in Fig. 11c . In Fig. 11a (inset) and 11c, a number of needle particles are observed at the interface between the glass substrate and the TiO 2 thin film deposit, these exhibit lattice spacings of 3.59Å and 6.21Å consistent with the (110) and (001) Phase-formation in the thin film was investigated by Scanning TEM (STEM) and EDX spectroscopy on the FIB cross-section. STEM/EDX elemental maps, shown in Fig. 12 , indicate the presence of relatively high concentrations of Na (typically a Na/Ti elemental ratio of ca. 0.2) at the interface between the glass substrate and the TiO 2 film. STEM/EDX line scans also confirm a concentration gradient of Na presumably arising as a result of diffusion from the glass substrate as shown in Fig. 13 Generally the level of Na gradually decreases with increasing distance from the substrate interface, however there also seems to be a build-up of Na at the top film surface evident in both the maps and the line scans. The present results all indicate that the presence of Na arising from diffusion from the soda lime glass substrate is associated with the formation of a reaction layer of the TiO 2 (B) phase at the film/substrate interface. This interfacial layer is absent when the thin film is grown on fused quartz, which does not contain sodium. From the pXRD data it is clear that anatase is present even when TiO 2 (B) is absent and thus the TiO 2 (B) layer does not appear necessary to seed growth of anatase. 
Discussion
The literature for the preparation of TiO 2 (B) has, until now, concentrated exclusively on the production of powders using synthesis routes such as hydrothermal and sol-gel methods and there is no mention of CVD. All these synthesis routes utilise the same key concept, involving the use of NaOH in addition to the main titanium precursor. 32, 33 All propose similar steps in the synthesis mechanism involving: (1) incorporation of Na + into the However, NaOH was not used as a precursor during the present LPCVD deposition of the thin films. However Na is a major constituent of soda lime glass and may contain up to 5 atom% Na 6 . The silicon-oxygen tetrahedron is the basic building block of the glass framework however cations such as Na + ions usually perform the function of cationic counterparts at non-bridging oxygen units. Thus, the Na + ions are considered to be mobile. Diffusion of Na + from the glass substrate could occur at deposition temperatures of 600C which is higher than the range of glass transition temperatures of commercial soda-lime glass slides -usually between 564 to 573C 35 . We calculate the diffusion coefficient of Na + in soda-lime glass at 600C to be of the order of 410 -7 cm 2 /s, 36 furthermore the diffusivity of Na + increases as pressure is decreased, 37 which implies that during reaction sodium ions could diffuse hundreds of microns and hence throughout the film. From these results it can be concluded that LPCVD deposition method at 600°C with a TTIP precursor normally promotes the formation of the TiO 2 anatase phase on a general substrate, however the existence of Na + ions which have diffused from a substrate such as a soda lime glass slide encourages the formation of an oriented TiO 2 (B) reaction layer during TiO 2 thin film deposition. This potential mechanism for TiO 2 (B) formation in the LPCVD process is shown in Fig. 14.
Here we propose three steps for the TiO 2 (B) formation: (1) Na + ions migrate to the surface of the substrate during the preheat treatment process; 38 (2) owing to higher negative charge of non-bridging oxygen units of TiO 2 than SiO 2 , the Na + ions prefer to diffuse from the surface of the substrate into the nascent TiO 2 films leaving a Na-depleted zone in the region of glass neighboring the TiO 2 film; 39 (3) a seeding intermediate phase is formed and this decomposes at temperature so forming TiO 2 (B) needles and leaving Na + ions to continuously migrate to the upper surface of the thin film. Further into the film and in the absence of significant amounts of Na, the titania deposits and forms anatase instead of TiO 2 (B) depending on the reaction temperature. This assumption is partially supported by previously reported research where migration from soda glass slide to the initial stages of growth of TiO 2 films produced only brookite TiO 2 or an incomplete phase referred to as Na 2 O.xTiO 2 . 40, 41 Finally it has been reported that TiO 2 (B) synthesized from sodium-containing starting materials promotes particle needle, tube-and rod-shaped morphologies with a preferred growth direction 16, 23, 42, 43 consistent with the needlemorphologies observed in this research. A number of research reports have indicated improved efficiencies of mixed-phase anatase and TiO 2 (B) over single phase material (either anatase or TiO 2 (B)) for the case of a number of photocatalyst reactions including: methyl orange degradation, 17 sulforhodamine B degradation, 16 methylene blue degradation, 44 active yellow XRG dye degradation, 45 nitrate reduction 15 and the water splitting reaction. 46 As far as we are aware, there have been no reports of the application of mixed-phase materials in self-cleaning glass, however such materials could in principle lead to improved photocatalytic efficiencies. Furthermore, TiO 2 (B) nanocrystalline thin films have been fabricated using spin-dip coating onto conductive glass substrates for use as a replacement for graphite anodes in lithium ion batteries. 22 Potentially the high surface area and mesoporosity of such nanostructured films could lead to improved storage capacities and the present CVD route may offer a potential alternative route for their fabrication provided a sodium source could be incorporated in the substrate. 
Conclusions
Titania films have been prepared by low pressure chemical vapour deposition on soda-lime glass substrates. Using 5 mL of a TTIP precursor deposited for 15 min at 550C (actual temperature) on the substrate, around 200 nm thick TiO 2 thin films consisting of dual phase monoclinic TiO 2 (B) needles and larger anatase polygonal plates were observed. The small nano-needles of the TiO 2 (B) phase were located at the interface with the substrate and exhibited a preferred orientation along [001]. These needles were absent when the substrate was fused quartz. A mechanism for the CVD synthesis of TiO 2 (B) is presented involving diffusion of Na from the glass substrates. To our knowledge, this is the first time the monoclinic TiO 2 (B) phase has been prepared by a CVD method. Potentially this fabrication route could be of benefit for production of photocatalytic devices and replacement anodes for lithium ion batteries.
